Fecal coliforms and enterococci are indicator organisms used worldwide to monitor water quality. These bacteria are used in microbial source tracking (MST) studies, which attempt to assess the contribution of various host species to fecal pollution in water. Ideally, all strains of a given indicator organism (IO) would experience equal persistence (maintenance of culturable populations) in water; however, some strains may have comparatively extended persistence outside the host, while others may persist very poorly in environmental waters. Assessment of the relative contribution of host species to fecal pollution would be confounded by differential persistence of strains. Here, freshwater and saltwater mesocosms, including sediments, were inoculated with dog feces, sewage, or contaminated soil and were incubated under conditions that included natural stressors such as microbial predators, radiation, and temperature fluctuations. Persistence of IOs was measured by decay rates (change in culturable counts over time). Decay rates were influenced by IO, inoculum, water type, sediment versus water column location, and Escherichia coli strain. Fecal coliform decay rates were significantly lower than those of enterococci in freshwater but were not significantly different in saltwater. IO persistence according to mesocosm treatment followed the trend: contaminated soil > wastewater > dog feces. E. coli ribotyping demonstrated that certain strains were more persistent than others in freshwater mesocosms, and the distribution of ribotypes sampled from mesocosm waters was dissimilar from the distribution in fecal material. These results have implications for the accuracy of MST methods, modeling of microbial populations in water, and efficacy of regulatory standards for protection of water quality.
Indicator organisms (IOs), which reside in the gastrointestinal tracts of humans and animals, are used in the United States and throughout the world to assess the microbiological safety of drinking water, recreational waters, and shellfish waters. The U.S. Environmental Protection Agency recommends the use of Escherichia coli, a member of the fecal coliform group, as an indicator organism for recreational waters in freshwater bodies and members of the genus Enterococcus (the enterococci) for both freshwater and saltwater (34) . The state of Florida utilizes both the fecal coliform group and the enterococci for monitoring recreational water (http://esetappsdoh .doh.state.fl.us/irm006eachwater/default.aspx); however, fecal coliforms are the sole criterion for classification of shellfish waters in Florida (http://www.floridaaquaculture.com/SEAS /SEAS_intro.htm). Growth of these organisms in natural waters would compromise their use as indicators of fecal contamination, and evidence from a number of studies suggests that E. coli and enterococci may multiply in warm, subtropical waters (4, 9, 31) . Many more studies have demonstrated extended persistence of culturable indicator bacteria in the sediments of environmental waters (8, 11, 29) .
Indicator bacteria are frequently used as the source identifier in microbial source tracking (MST) methods, which are designed to determine the source(s) of fecal pollution and/ or indicator organisms in water. A group of methods termed "library-based" methods rely on a common approach: indicator bacteria from various fecal sources are isolated and phylotyped by a genotypic (5, 10, 27) or phenotypic (18, 20, 36, 40) technique. The database, or library, of phylotype patterns from known sources then forms the basis for classifying bacteria isolated from water into a source category (39) . One of the important assumptions of these methods is that the distribution of indicator organism phylotypes in water samples is roughly proportional to the population distribution of phylotypes in fecal samples; this relationship is much less probable if differential persistence of phylotypes occurs in environmental waters. Indicator organisms that are adapted to living in the gastrointestinal tract but which pass to a different habitat, such as a septic system or wastewater collection system, may be leaving a primary habitat and entering a secondary habitat (14) . Typing of E. coli populations in primary and secondary habitats has shown substantial shifts in the dominant members over time, suggesting that only certain members of the population in the primary habitat remain culturable in the secondary habitat (14, 32, 38) . To date, no studies have been published in which population shifts over time have been determined for water bodies contaminated with fecal indicator organisms, although this is essential information for the improvement of MST approaches.
Many of the studies published on the survival of culturable indicator bacteria in environmental waters relied on laboratory microcosm experiments. While a wealth of information was obtained from such studies, including the negative relationship between salinity and E. coli survival (2), the persistence of fecal indicator bacteria in environmental waters is affected by a complex array of physical, chemical, and biological factors (28) that are difficult to simulate in the laboratory (24). Experi-ments described in this work were therefore designed to simulate environmental conditions as closely as possible, including construction of the mesocosms with nonsterile water and sediments. Persistence over incubation times as long as several weeks was assessed because of the possible role of soil and sediments as a repository and reservoir of indicator bacteria (8, 15, 26) .
This study utilized mesocosms designed to simulate natural conditions, which were inoculated with fecal material, to test the hypothesis that certain E. coli phylotypes exhibit greater persistence than others in aquatic environments. Dog feces, untreated wastewater, and sediment from a chronically contaminated stream bank were chosen because they represent fecal sources that are frequently implicated in contamination of water and because microorganisms contained in these types of samples have experienced various degrees of previous exposure to environmental stress at the time of inoculation. Decay rates of fecal coliforms (FC) and enterococci (ENT) in the mesocosm water column and sediment in both freshwater and saltwater environments were calculated to compare the change in culturable indicator organism concentrations (persistence) over time. Ribotyping of E. coli genomic DNA was used to monitor the persistence of E. coli phylotypes inoculated as fecal material into freshwater mesocosms.
MATERIALS AND METHODS

Establishment of mesocosms.
Mesocosms were designed to simulate environmental conditions by allowing exposure to radiation, ambient temperatures, and inclusion of sediments and nonsterile water (which would include predators). Mesocosms were created by adding one of two natural water types to sterile, uncovered, polypropylene containers with dimensions of 10 in. by 7.5 in. by 16 in. high. Either freshwater from the Hillsborough River or saltwater from the Gulf of Mexico (ϳ30 ppt salinity) was utilized. Each container was filled to a depth of 5 cm with the sediment type associated with the water (wet weight, ϳ2.5 to 3 kg, depending upon sediment sample), and 5 liters of water was added. All mesocosms were incubated outdoors in a roofed greenhouse without sides, providing conditions of variable environmental stresses such as temperature and UV radiation. Each mesocosm was aerated using aquarium air pumps, which served both to maintain dissolved oxygen concentration and to keep the water column mixed. Mesocosms were placed in several large, round containers (plastic pools) filled with water to moderate the temperature. Three replicate mesocosms containing each water type were inoculated with one of three different inoculum types: feces from a single dog, untreated wastewater collected from a sewer line receiving waste directly from a hospital, or soil collected from the banks of a tidally influenced stream that was known to be contaminated with indicator bacteria (22) . Initial concentrations of fecal coliforms in the freshwater and sediment were ϳ10 2 CFU · 100 ml Ϫ1 and ϳ5 ϫ 10 4 CFU · 100 g Ϫ1 , respectively. Initial concentrations of enterococci in the freshwater and sediment were 23 CFU · 100 ml Ϫ1 and Ͻ66 CFU · 100 g Ϫ1 , respectively. In the saltwater column and sediment, no culturable indicator organisms were detected prior to inoculation.
Mesocosms were allowed to equilibrate for 24 h prior to inoculation. The concentrations of indicator organisms in each inoculum type were determined prior to addition into mesocosms. Inoculum volumes were adjusted to provide a final concentration of approximately 10 5 CFU · 100 ml Ϫ1 fecal coliforms. Dog feces were prepared for inoculation by suspending 2 g fecal material in 10 ml buffered water, which was homogenized by vortexing and pipetted into the overlying waters of three mesocosms. Two hundred milliliters of wastewater was pipetted into each of three mesocosms, and 1 kg soil was weighed into a sterile plastic bag and added to each of three mesocosms with stirring. In each case, vigorous stirring was employed to ensure even distribution of the inoculum.
Measurements for dissolved oxygen, pH, salinity, and temperature were taken daily using YSI model 600QS (YSI, Yellow Springs, OH). Averages over the course of the experiment are reported.
Sampling of mesocosm populations. Both the sediment and the water column of each mesocosm (one water column and one sediment sample per mesocosm per time point) were sampled daily for the first week and weekly for three following weeks. Mesocosms were sampled within 15 min after inoculation (D0). Core samplers were made from sterile, plastic 25-ml pipettes whose ends had been aseptically removed. The sediment was minimally disturbed during sampling to avoid artificially elevated fecal indicator concentrations in the water column. Procedures for enumeration of fecal coliforms and Enterococcus spp. were carried out according to standardized membrane filtration protocols (1, 35) . Water samples were filtered directly, and sediment samples were processed by adding 10 g (wet weight) of sediment to 100 ml of buffered water followed by sonication of the mixture using an ultrasonic dismembrator (model 100; Fisher Scientific) for 30 s at 14 W. Preliminary experiments were conducted to determine optimal dissociation of fecal coliform and enterococcal cells from particles while maintaining culturability. The sample was allowed to settle for 10 min, and the supernatant was pipetted to a membrane filtration apparatus. After this point, water column and sediment samples were processed identically.
After 24 h, fecal coliform colonies were transferred to microtiter dishes containing EC broth amended with 50 g · ml Ϫ1 4-methylumbelliferyl-␤-D-glucuronide, which were incubated at 37°C for 24 h. Cultures that fluoresced under UV were designated 4-methylumbelliferyl-␤-D-glucuronide positive and considered putative E. coli. Ten percent of putative E. coli isolates were subjected to biochemical confirmation using the API 20E system. One hundred percent of these isolates were confirmed as E. coli. E. coli strains from each treatment were randomly selected for ribotyping at each time point. Between 14 and 21 E. coli strains per time point were ribotyped from the mesocosm. The DNA of some isolates could not be digested, and toward the end of the experiments, fewer colonies were recovered.
Ribotyping. The E. coli ribotyping protocol was modified from a previously published method (27) by altering the probe synthesis protocol. The 16S rRNA gene probe was synthesized by PCR using 5 l purified DNA from E. coli ATCC 9637 as a template. Each PCR mixture contained 25 mM MgCl 2 , 5 l 10ϫ buffer B, 1.25 U Taq polymerase (Fisher, Pittsburgh, PA), 10 mM concentrations of deoxynucleoside triphosphates (Promega, Madison, WI), 2 mM concentrations of digoxigenin-labeled deoxynucleoside triphosphates (Roche Diagnostics, Indianapolis, IN), and 10 mM concentrations of each primer (IDT, Coralville, IA). Universal primers targeting the 16S rRNA gene (33), U1 (5Ј-AGAGTTTGAT CMTGGCTCAG-3Ј) and U2 (5Ј-GGTTACCTTGTTACGACTT-3Ј), were used, producing a 1,484-bp amplicon. DNA fragments that hybridized with the probe were detected using a digoxigenin nucleic acid detection kit (Roche Diagnostics, Indianapolis, IN).
Dialysis tube microcosms. Microcosms of dialysis tubing were incubated in a pond to test the stability of E. coli ribotypes. Spectra/Por 7 membrane dialysis tubing (MWCO 50000; Spectrum Laboratories, Inc., Rancho Dominguez, CA) was cut into 30-cm strips, soaked in sterile nanopure water overnight, and washed prior to inoculation. Six replicate dialysis tube microcosms were made for each E. coli source (dog feces, wastewater, contaminated soil), and each was filled with 30 ml pond water that had been sterilized by autoclaving. Three E. coli isolates from each source were randomly selected to inoculate the microcosms and were grown in pure culture in 1 ml tryptic soy broth at 37°C overnight. Cells were centrifuged, washed three times, and then diluted 10-fold by resuspension in 10 ml sterile pond water. Thirty-microliter aliquots of cultures were transferred to the microcosms, and each microcosm was inoculated with cells from three E. coli cultures derived from one of the sources.
Dialysis tube microcosms were incubated in a freshwater pond on the University of South Florida campus. Microcosms were placed in a metal cage and suspended 0.15 m below the water surface. One microcosm per host source was processed upon inoculation (T0). Microcosms were subsequently sampled 1 hour after inoculation (T1), and at ϳ24, 48, 72, and 96 h (T24 to T96). Culturable E. coli concentrations were obtained by membrane filtration as described above, and ribotyping was conducted as described above. This study was conducted during three consecutive weeks to obtain replicates for each treatment.
Decay rate calculations. Decay rates of culturable indicator organism concentrations were calculated using the following equation, which is a standard exponential growth/decline equation:
where r ϭ decay rate, N t ϭ log 10 (CFU 100 ml Ϫ1 ) at time t, N 0 ϭ log 10 (CFU 100 ml Ϫ1 ) at time zero, and t ϭ time (in days). Time (t) was determined by the days between the first sampling event and either the last sampling event (28 days) or when culturable cells could no longer be detected. The absolute value of the decay rate reflects the magnitude of change in culturable concentrations. A negative r represents a decrease in CFU (net cell die off), while a positive r represents an increase in CFU (growth). The decay rate of enterococci in the water column of the dog feces treatment was estimated because no enterococci 3042 ANDERSON ET AL. APPL. ENVIRON. MICROBIOL.
were detected postinoculation. The estimate was accomplished by assuming D0 numbers equal to that in the freshwater treatment, and assuming 1 CFU on day 1. Statistical analysis. Decay rates were compared using two-way analysis of variance and pairwise t tests (JMP, version 3.0; SAS Institute, Inc.). Alpha was set at 0.05.
RESULTS
Physical and chemical parameters in the mesocosms varied by less than 10% over the course of the experiment. The average salinity of the freshwater mesocosms was 0.15‰ in the dog feces treatment, 0.16‰ in the wastewater treatment, and 0.52‰ in the contaminated-soil treatment. Average salinities for all saltwater treatments were 24 . Persistence of indicator organisms in mesocosms. Culturable FC and ENT from dog feces, sewage, and contaminated soil were enumerated over the course of 4 weeks to assess the persistence of the indicator organisms. At all time points in all treatments, at least 90% of fecal coliforms were E. coli isolates. Average decay rates in culturable counts allowed direct comparison of the persistence of indicator organisms that were inoculated at various concentrations and which became undetectable at various time points (Table 1) . A negative value represents a net decrease in culturable cells, and the larger the value, the greater the departure from initial (D0) concentrations. No positive decay rates, which would indicate an increase in culturable counts, were noted during the experiments.
The decay rates of fecal coliforms under various physicochemical conditions of location (water column versus sediment) and water type (fresh versus saltwater) were generally in line with those of previous studies. Saltwater had a negative effect on FC persistence, as the decay rates of FC (all inoculum sources combined) in saltwater sediments and water column were greater than those in freshwater. Saltwater also significantly increased enterococcal decay rates compared to freshwater.
IO persistence tended to be greater in sediments than in the water column. The average decay rate of FC in sediments of freshwater mesocosms was significantly less than those in the water column, and the difference was nearly significantly at the ␣ ϭ 0.05 level in saltwater (P ϭ 0.083). Although decay rates of enterococci tended to be greater in the water column than in sediments, the difference was not significant in freshwater or saltwater mesocosms.
In some treatments, the type of material used to inoculate mesocosms had a significant effect on IO decay rates; however, these differences should be interpreted cautiously because not only were inoculum sources different but the amount of inoculum material and, therefore, organic carbon differed between treatments. The trend was for the lowest decay rates (greatest persistence) in mesocosms inoculated with contaminated soil, followed by wastewater and, finally, dog feces. Differences were generally not significant, with the exception of FC in the water column of freshwater and saltwater mesocosms and ENT in saltwater mesocosms.
The persistence of FC and ENT was also compared. FC decay rates in freshwater were significantly lower than ENT decay rates when all data were combined. FC and ENT decay rates were not significantly different in saltwater mesocosms.
Ribotype distribution in freshwater mesocosms. The change over time in distribution of E. coli phylotypes in freshwater mesocosms was investigated by ribotyping ( Fig. 1 and 2 ). E. coli isolates were isolated and ribotyped from water (n ϭ 42) and sediment (n ϭ 55) to characterize the preexisting populations, and isolates from inoculum samples were also typed before inoculation (Fig. 1) . Generally 23 to 24 isolates per treatment per day were typed (minimum, 15). E. coli ribotype diversity was very high in the uninoculated (initial) river water, high in the wastewater, lower in the uninoculated sediments, and still lower (apparently clonal) in the dog feces inoculum (Fig. 1A to  C) . Ribotype diversity in mesocosms inoculated with wastewater ( Fig. 1A and 1B) was quite high on day 0 (D0), which was not surprising considering the relatively diverse E. coli population in wastewater. Ribotypes 1 and 2, which were detected in the initial water and sediment samples but not in the wastewater inoculum, increased in relative abundance over time in water and sediment samples, while most of the other ribotypes became undetectable over time. Fecal coliforms were not detected in the water column after week 2 but could be cultured from the sediment through week 4.
In contrast to the wastewater inoculum, ribotype diversity in the dog feces inoculum was extremely low (Fig. 1C) . In the water column of mesocosms inoculated with dog feces (data not shown), all isolates sampled on D0 shared the ribotypes of the initial dog feces isolates. Ribotypes 1 and 2 came to dominate the water column population by week 2, after which E. coli was no longer detected in the water column. The sediments of dog feces mesocosms (Fig. 1C) harbored the initial dog feces isolate and ribotypes 1 and 2 through week 3, but the dog feces isolate was not observed in week 4, indicating its great decrease in relative abundance over time. The initial ribotype diversity in the contaminated sediment inoculum was intermediate between those of wastewater and the dog feces inoculum, and the trends observed for these mesocosms were very similar to those described above (data not shown). Ribotypes 1 and 2 were observed through week 2 in the water column and through week 4 in the sediments. The differential survival of a randomly selected group of E. coli strains was also tested in dialysis tube microcosms incubated in situ in a freshwater pond for 5 days. Pure cultures of E. coli isolated from the same source material that was used to inoculate the mesocosms (dog feces, wastewater, and contaminated soil) were used to inoculate dialysis tube microcosms made with sterile pond water. Although each microcosm was inoculated with cultures derived from three randomly chosen isolates, all of the initial (inoculum) isolates for the dog treatment were identical due to the low-diversity E. coli population (data not shown) and only two of the three wastewater strains were different. Differential survival of the E. coli strains was observed, i.e., ribotype 7 from wastewater ( Fig. 2A) could not be detected after T48 and ribotype 49 from contaminated soil (Fig. 2B ) became undetectable within 1 hour after inoculation.
DISCUSSION
The wisdom of reliance on water quality standards that are based on indicator bacterial concentrations has been widely discussed for decades; e.g., Wolf (41) commented that the predictive relationship between fecal coliforms and nonbacterial pathogens in water was uncertain. These concerns have grown over time and are outlined in recent reviews (17, 23) . A major concern has been the possibility that E. coli (3, 31, 37) and enterococci (4, 11, 12) can multiply in environmental waters, sediments, and associated soils. The growth of indicator organisms in water and sediments would obviously jeopardize the connection between indicator organism concentration and human health risk. Differential survival of certain E. coli or ENT strains or of indicator bacteria from different pollution sources would also present a major challenge to MST methods that utilize these indicator organisms to determine the contributions of various sources to fecal pollution in water.
This study was designed to investigate the relative persistence of E. coli phylotypes in a setting that included environmental stresses characteristic of subtropical environments. Because the deliberate addition of fecal material to natural waters could be hazardous to human health and because assessment of differential survival would be very difficult in a natural system with continued inputs of indicator organisms, these experiments were conducted in a mesocosm setting. Differential survival of Enterococcus spp. phylotypes and of E. coli in saltwater will be investigated in future work.
Persistence of indicator bacteria. The population trends of FC and ENT in freshwater mesocosms did not yield evidence of growth of the organisms, unlike some other studies (9, 31); however, prolonged persistence (assessed by decay rates of culturable bacteria) was characteristic of IOs in many treatment groups. FC had greater persistence in freshwater than ENT, which was reported under some conditions by Sinton et al. (30) . Other findings that were in general agreement with previous studies were that FC decay rates were lower in freshwater than in saltwater (2) and that FC decay rates in sediments were lower than in the water column (7, 11, 13) . Interestingly, ENT decay rates (all inoculum treatments combined) were not significantly lower than FC decay rates in saltwater mesocosms, although the trend was evident. The extremely high decay rate for the dog feces inoculum no doubt influenced this result, which was somewhat unexpected based on the literature. Greater persistence of enterococci than of fecal coliforms or E. coli in saline waters has been documented (8) . In contrast, one study demonstrated that enterococci from waste stabilization pond effluent had a greater inactivation rate in seawater than fecal coliforms or E. coli (30) , but the opposite was true for IOs from untreated wastewater. The results of the preceding study and this work suggest that persistence characteristics of enterococci (whether in terms of species or phylotypes) are heterogeneous and that applying extensive generalizations to IO persistence in secondary habitats is not valid given our present, incomplete understanding. Higher variability between replicate sediment samples was observed compared to water samples and probably has multiple contributing factors, including patchy distribution of organisms in sediments and difficulty in dissociating bacteria from sediment particles. Therefore, comparisons of sediment samples in which significant differences were not found must be interpreted cautiously, i.e., real differences in persistence may exist that were not detected in these experiments. These factors are not unique to this study and should be considered when designing sampling strategies for environmental studies.
Effect of inoculum type on survival. In some cases, IO populations from different sources that were subjected to the same environmental conditions had significantly different decay rates. The relative persistence of FC and ENT from different sources in saltwater and freshwater was contaminated sediment Ͼ wastewater Ͼ dog feces. This trend not only reflects the relative time period for exposure of the IO populations to selective pressure outside the host gastrointestinal tract but it also reflects the amount of material added to the mesocosms to achieve the desired IO concentrations. Dissolved organic carbon (DOC) measurements were attempted for these experiments, but DOC values in many mesocosms were lower than in uninoculated mesocosms, leading to the conclusion that the results were not reliable. We believe that the filtration step necessary for DOC measurement removed aggregates of organic material, contributing to artificially low numbers. Because the availability of organic carbon and other nutrients doubtless varied between inoculum treatments, comparison of decay rates between these treatments must be interpreted cautiously.
Differential survival of specific E. coli phylotypes. E. coli phylotypes (strains) exhibited differential survival. Ribotypes 1 and 2 were observed in the sediment and water column of all mesocosms by day 1, even though both fecal source and differences caused by different inoculum sizes (e.g., nutrient availability) would be expected to influence persistence. Ribotypes 1 and 2 eventually became dominant members of the E. coli populations in the sediments and water columns of all mesocosms. Differential survival of E. coli strains was also noted in the microcosm experiments, i.e., ribotype 7 from wastewater and ribotype 49 from contaminated soil could be cultured for only a portion of the 4-day study. Other studies have shown that E. coli survivorship in habitats outside the gastrointestinal tract, such as soil and poultry litter, is strain dependent (32, 38) . This study demonstrated a high degree of variability in the response of fecal indicator organisms to stresses in aquatic environments on all levels investigated. Responses to water type (saline versus fresh), location (sediment versus water column), and inoculum type all varied within and between indicator bacterial groups (FC and ENT). The discrepant results emphasize the difficulties encountered in attempting to regulate diverse types of water bodies by one regulatory standard. Also cautionary is the persistence of indicator organisms in sediments, which leads to elevation of their densities and a false indication of recent pollution in the water column after events such as rain storms, construction, or recreational use. Differential survival of IOs has profound implications for MST methods that rely on these organisms, particularly those that estimate IO loadings from various possible contamination sources (for examples, see references 6, 16, 19-21, 25, 36, and 40) . An assumption of library-based MST methods is that the population distribution of IO phylotypes in feces or wastewater reflects the population distribution in water contaminated by those sources. The feasibility of making semiquantitative assessments of relative source contributions to water will be doubtful if future studies confirm that IO source and/or phylotype significantly influence persistence in environmental waters (14) .
